ABSTRAa. Cerebral blood flow velocity was recorded for an average of 23 4-min epochs during natural sleep in 11 normal full-term newborn babies. Intracranial pressure, core temperature, and respiration were simultaneously and non-invasively monitored. Sleep state was classified using information from EEG, pattern of respiration, and eye and body movements by a trained observer. From a total of 238 epochs, 66 were considered to occur in quiet sleep, 101 in active sleep, and in 77 the baby was awake, in a transitional state or moving excessively. Slow cyclical variations in cerebral blood flow velocity were observed with a frequency of between 2 and 6 cycles/min, and these were of significantly greater amplitude during quiet sleep (24%) com- CBF is linked to metabolic demand, and it is therefore not surprising that total CBF is about 30% lower during quiet sleep when compared with active sleep in adult humans (1). CBF measured with jugular occlusion plethysmography was also lower in quiet sleep in term newborns (2, 3) . No difference in CBF between sleep states was shown in a group of 15 preterm infants, who have lower CBF than adults and whose cerebral metabolic needs may be less variable between sleep states (4). Using Doppler ultrasound to monitor the velocity of blood flow in the anterior cerebral artery Jorch et al. (5) demonstrated a lower velocity during quiet sleep than active sleep in a group of preterm and term neonates. Doppler ultrasound is unable to quantitate CBF
ICP, intracranial pressure
CBF is linked to metabolic demand, and it is therefore not surprising that total CBF is about 30% lower during quiet sleep when compared with active sleep in adult humans (1) . CBF measured with jugular occlusion plethysmography was also lower in quiet sleep in term newborns (2, 3) . No difference in CBF between sleep states was shown in a group of 15 preterm infants, who have lower CBF than adults and whose cerebral metabolic needs may be less variable between sleep states (4) . Using Doppler ultrasound to monitor the velocity of blood flow in the anterior cerebral artery Jorch et al. (5) demonstrated a lower velocity during quiet sleep than active sleep in a group of preterm and term neonates. Doppler ultrasound is unable to quantitate CBF but has the advantage that the method is noninvasive and can give continuous information. The semicontinuous system developed in Leicester (6, 7) is particularly suitable for sleep studies as once the small probe is stuck on to the skin of the temporal bone above the middle cerebral artery the infant can be allowed to sleep undisturbed, contrasting with the methods of jugular occlusion plethysmography (2, 3) and radioactive Xe (4) which are likely to alter the sleep state of the infant.
Recently a considerable variation in CBFV occumng with slow, regular cycles with a frequency of between 1 and S/min (0.01 6-0.08 Hz) has been seen in prolonged Doppler recordings of CBFV from preterm babies (8, 9) . Slow regular cycles have been seen in the CBFV of adults and thought to be the origin of a similar phenomenon described by Lundberg in intracranial pressure (Lundberg B waves). In a group of adult head-injured patients slow regular cycles in CBFV were completely synchronous with variations in intracranial pressure monitored invasively (10) . The cycles were more prominent in conditions in which there was low intracranial compliance, but could be seen in normal individuals where they were more obvious during sleep (1 1). Slow cyclical variations occurring with a similar frequency (but not always in phase) have long been known to occur in other physiological parameters such as heart rate, respiration, and blood pressure. These are in part due to thermoregulation (12) and the control of vasomotor tone by the autonomic nervous system. Peripheral and central chemoreceptors are less sensitive during active sleep making it possible that there would be differences between slow fluctuations during different sleep states.
This study was designed to investigate changes in CBFV with particular regard to slow cycling during different sleep states in normal healthy term newborns. Information regarding central temperature, respiration, and ICP was collected using noninvasive methods to examine the influence of these physiological variables on the slow cycles in CBFV which we expected to observe.
MATERIALS AND METHODS
Patient population. The mothers of 1 1 normal newborn infants gave permission for their infants to be studied after reading an explanatory leaflet containing a photograph of the recording devices in place on a baby, receiving a verbal explanation, and being given time to think and discuss the baby's participation with their partner. Twenty mothers who were approached during the 2-mo period refused, usually because they were trying to establish breast feeding and did not want the baby to be disturbed by the positioning of monitor leads after studying the photograph. The study had prior approval from the Cambridge District Ethical Committee. Mothers of singleton infants were selected at random from those on the postnatal wards at the Rosie Maternity present for the whole time it took to site the recording electrodes Hospital, Cambridge. The mean gestational age of the babies was and complete a cycle of sleep, which was usually about 2 h. 38.5 wk (range 36-41 wk) with a mean birthweight of 3.33 kg Recordings were made in the Neonatal Unit with an investigator (range 2.6-4.4 kg). Seven were born by normal vaginal vertex (F.F.) present for the duration of the study. delivery and four by caesarean section. The postnatal age at the Sleep state. Definition of sleep state was made using the time of the study ranged between 1 and 9 d with a mean of 3.8 method of Prechtl et al. (13) by a trained observer (F.F.). EEG d. Infants were studied just after a feed and mothers were often from four channels was recorded using an Oxford Medilog 52 FERRARRI ET AL. (14) . CBFV. CBFV was measured using the semicontinuous system described by Fenton et al. (7) . A small continuous wave Doppler ultrasound probe 0.5 cm in diameter was fixed over the site of An average number of 23 4-min epochs was recorded for each baby (range 17-3 l), giving 238 epochs for analysis. Seventy-one of these proved unsuitable for further consideration either because the baby was awake, in transitional sleep, or there was movement artifact. Analysis of the remaining 167 epochs from the same 1 1 subjects (range 11-26/baby) by visual inspection and by fast Fourier transformation as above to evaluate the cycling activity showed that both the amplitude and frequency of slow cycles in CBFV were significantly increased during quiet sleep compared to active sleep (Fig. 1, A and B ; Table 1 ). Within subjects the average percentage amplitude of the slow cycles from epochs of quiet sleep was greater than that from active sleep in 9 of the 1 1 babies (Fig. 2) . The amplitude difference was readily
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o the middle cerebral artery using collodion and adhesive tape. Stomahesive was used to protect the baby's skin. The Doppler signal was processed using the microcomputer based system of Schlindwein et al. (15) . This system performs a fast Fourier transform every 6.25 ms and calculates the peak and intensity weighted mean of the Doppler frequency spectrum. An analog signal representing the peak velocity envelope was passed to a second microcomputer, an Apple Macintosh I1 running Labview, where it was stored. Recordings lasted for 4 min. CBFV was calculated on a beat-by-beat basis by halving the mean value of the instantaneous maximum velocity over the cardiac cycle ( 16) .
A 4-min epoch taken during quiet sleep is shown in Figure  1A . The top tracing is the peak envelope of the Doppler frequency-shifted signal recorded from the middle cerebral artery and the channel beneath shows the mean CBFV calculated as described and plotted separately for each cardiac cycle. The baseline (predominant) velocity for the whole epoch was noted as the velocity present when no cycles were occumng; in this example the velocity was 7 cm/s. Slow cycles were recorded as present when there was a regular oscillation in velocity causing a change from the baseline velocity of more than I cm/s, with at least two cycles and less than six cycles being present per minute. The classification was done by W. K. who was not involved in making the recordings and was blind to sleep state at the time. The amplitude of the deepest slow cycle present within the 4-min epoch was measured by subtracting the minimum from the maximum velocity, and the percentage amplitude calculated by dividing this value by the baseline velocity referred to earlier.
To validate the visual classification of the presence of slow cycling made by carefully inspecting all the recordings the frequencies present were analysed using fast Fourier transform of the physiological data. This allowed identification of whether or not a peak was present corresponding to the region of interest. Using fast Fourier transformation slow cycling was defined as present if a peak occurred in the CBFV signal between 0.04 and 0.06 Hz (corresponding to a frequency of between 2 and 5/min).
ICP and core temperature. The applanation fontanometer developed in Oxford was used (17) . A small plastic air filled
blister was fixed to the skin over the fontanelle with collodion.
The output from this device was stored within Labview, together Fig. 2 . Percentage change of the cycles seen in CBFV during the 4-with that from a rectal temperature probe and a ~r a s e b~ dynammin epochs, calculated by dividing the maximum depth ofa cycle by the ics MR 10 respiration monitor. The signals can be seen in the predominant velocity present during the epoch. All the epochs collected example of a recording given in Figure IA apparent from visual inspection and a change of 24% is of similar magnitude to those induced by drugs such as indomethacin (1 8) which have been thought to be clinically important when persistent. The change in cycle frequency, although statistically significant, was very small and is unlikely to be of clinical importance. There was no difference in mean CBFV between sleep states in this study.
Results from Fourier analysis. Fourier analysis was used to resolve the frequencies of the variability present within the physiological signals. The results of subjecting the raw data present in Figure 1 to this type of analysis are shown in Figure  3 , A and B. The heart rate variation was derived from the cycle lengths of the Doppler CBFV signal which had been "marked" using a foot-seeking algorithm (19) . For clarity, only those frequencies occumng below 1 Hz (60 cycles/min) are shown. The very slow oscillation in body temperature which is known to occur at <0.02 Hz was confirmed and was reflected in the heart rate in both sleep states. No significant cycling in ICP was demonstrated, probably because the response time of the fontanometer was too slow to allow them to be recorded. There is a similar peak in CBFV at around 0.02 Hz in both the examples shown, whereas that seen in the recording made in quiet sleep (Figs. 1A and 3A) shows a peak of 0.04 to 0.06 Hz which is not seen in active sleep, and does not correspond to change at a similar frequency in heart rate, temperature, or ICP. Analysis of all 167 recordings in this way showed that 33/66 (50%) made in quiet sleep had a peak between 0.04 and 0.06 Hz compared to 351101 (34%) made in active sleep. This difference is significant ( p = 0.02, Mann Whitney). The fast Fourier transform results thus confirm those obtained by the blind visual classification.
DISCUSSION
These data provide evidence that the CBFV of normal babies varies by about 25% during 1 min, and that one component of this variability is a regular slow cycling at a frequency of 3 to 4 timeslmin. The frequency of the cycles are similar to those of Lundberg B waves (0.5-2 cycles/min) and of similar magnitude and frequency of fluctuations in CBFV seen in preterm babies (8, 9) , normal adults, and head-injured patients (10, 11) . Slow periodic cycling is superimposed on the regular rhythm of several other physiological parameters. Heart rate variation has been extensively studied and is known to vary both with a respiratory frequency and at lower frequencies. Respiratory sinus arrhythmia is more marked during quiet sleep in babies (20, 21) but it has been suggested that the slower cycles in heart rate associated with temperature control are less marked during quiet sleep (22).
The origin of Lundberg B waves in ICP is still in dispute. In Cheynes-Stokes respiration slow cyclical changes in ICP, blood pressure, and respiratory depth were all in synchrony (23), but in less severely pathological states changes in ICP were not in phase with other rhythmic variations (24). It seems unlikely that change in depth of respiration alone could have accounted for the changes seen in the CBFV of the babies; no clear slow cycling in respiration at the frequency of interest was seen on visual inspection of the recorded epochs or found on Fourier transform of the respiratory trace. Neither does it seem likely that the changes were merely reflecting change in heart rate, although spectral analysis of heart rate has previously shown a peak at 0.04 Hz thought to be due to fluctuations in peripheral vascular resistance mediated in part by the parasympathetic nervous system and which can be abolished by blockade of the reninangiotensin system (25). In the present study we confirmed this peak was present in babies, but the power of the resolved frequency from the changes seen in the cerebral circulation was greater than that occumng in the heart rate alone. However it would be of considerable interest to study the effect of pharmacological manipulation of the renin-angiotensin and sympathetic nervous systems on the slow cycles.
The sleep state changes in CBFV found in this study are in the opposite direction to those found in long-term variations of CBFV in ill adults and opposite to the influence of behavioral state on variability CBFV in preterm babies studied by Ramaekers (26) . The methodology used in his study was to measure the area under the curve of each cardiac cycle and to express variability as the coefficient of variation of the area under the curve. Thus variability was studied, but not specifically slow cycling; we and others have shown that there are several components to the variability in CBFV (27), as indeed have been shown in heart rate and blood pressure variation. This means that our results could differ because a different type of variability was studied by Ramaekers et al. (26) , for example respiratory-induced variability. In view of the fact that shorter recordings were used this is quite likely to have been the case, alternatively prematurity and ill health may affect the normal control mechanisms involved in the generation of slow cycling and account for the difference in our results. The cycling changes in CBFV almost certainly reflect changes in pial artery size occurring in response to their involvement in autoregulation (28) . These changes have also been demonstrated as changes in cerebral blood volume with near infrared spectroscopy (29). The demonstration of changes occurring in normal healthy infants so soon after birth makes it likely that the waves represent autoregulatory processes occumng in the normal brain. The results remind us that it is important to take the behavioral state into account in work using ~o p p l e r and that the situation in health and disease may be very different, meaning that results obtained using drugs, for example, in one group cannot be applied to another.
